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Copper ions play crucial roles in many enzymatic and aqueous processes. A critical analysis of the fundamental
properties of copper complexes is essential to understand their impact on a wide range of chemical interactions.
However the study of copper complexes is complicated by the presence of strong polarization and charge
transfer effects, multiple oxidation states, and quantum effects like Jahn-Teller distortions. These complications
make the experimental observations difficult to interpret. In order to provide a computationally inexpensive
yet reliable method for simulation of aqueous-phase copper chemistry, ReaxFF reactive force field parameters
have been developed. The force field parameters have been trained against a large set of DFT-derived energies
for condensed-phase copper-chloride clusters as well as chloride/water and copper-chloride/water clusters
sampled from molecular dynamics (MD) simulations. The parameters were optimized by iteratively training
them against configurations generated from ReaxFF MD simulations that are performed multiple times with
improved sets of parameters. This cycle was repeated until the ReaxFF results were in accordance with the
DFT-derived values. We have performed MD simulations on chloride/water and copper-chloride/water systems
to validate the optimized force field. The structural properties of the chloride/water system are in accord with
previous experimental and computational studies. The properties of copper-chloride/water agreed with the
experimental observations including evidence of the Jahn-Teller distortion. The results of this study
demonstrate the applicability of ReaxFF for the precise characterization of aqueous copper chloride. This
force field provides a base for the design of a computationally inexpensive tool for the investigation of various
properties and functions of metal ions in industrial, environmental, and biological environments.
1. Introduction
Copper complexes play important roles in industrial processes
and the active sites of many enzymes involved in oxygen
transport, electron transfer, and oxidation-reduction reactions.1,2
A comprehensive study of the properties of copper complexes
is essential to understand the intricate molecular mechanisms
which are critical for their functions. The d9 (t2g6eg3) electronic
configuration of the Cu2+ ion suggests a Jahn-Teller distorted3
octahedral coordination geometry with four equidistant equato-
rial ligands and two elongated axial ligands. Despite numerous
experimental4-12 and theoretical studies13-21 devoted to this
problem, the coordination number and geometry of the most
common ion, Cu2+, in aqueous solution remains ambiguous.
Different experimental studies support 5-fold,11,12 6-fold,8 or a
coexistence of different coordination numbers10 for the aqueous
Cu2+. There is no consensus among the computational studies
as well. Car-Parrinello molecular dynamics (CPMD) simula-
tions and neutron diffraction studies predict a 5-fold coordination
with interchanging square pyramidal and trigonal bipyramidal
geometries.13 The 5-fold coordination is also supported by
another CPMD study which predicted a square pyramidal
geometry with an elongated axial water molecule.18 On the other
hand, some quantum mechanical/molecular mechanical (QM/
MM) studies predict a 6-fold coordination and distorted
octahedral geometry.14-16 These discrepancies are not merely
the result of differences in methodology but reflect the lack of
a robust and computationally inexpensive technique that can
perform large-scale simulations of these complex systems for
long time scales with models that accurately describe the strong
polarization and charge transfer effects.
Copper chloride exists in a plethora of crystal structures and
a variety of species in aqueous solution.22 It is an important
species in hydrothermal fluids, and several experimental studies
have investigated copper chloride chemistry to better understand
metal solubility, transport, and ore deposition mechanisms in
geological environments.23-28 Despite a large number of inves-
tigations, the coordination chemistry of aqueous CuCl2 is not
well resolved. D’Angelo et al. used extended X-ray absorption
fine structure (EXAFS) spectroscopy at room temperature to
study a 0.1 M CuCl2 solution. They proposed a 6-fold
Jahn-Teller distorted Cu2+ coordination with Cl- in the axial
position.29 They found an average Cl- coordination of 0.4 and
O (from water) coordination of 5.6 in the first hydration shell
of Cu2+. At higher chloride concentrations ([Cl-]/[Cu2+] ) 10
and 30) the Cl- coordination increases, occupying even the
equatorial positions. In contrast, EXAFS studies by Collings et
al. could not detect any Cu2+-Cl- complexation at room
temperature in a 0.1 M CuCl2 solution.23 However at very high
chloride concentration ([Cl-]/[Cu2+] ) 52) complexation be-
tween the Cu2+ and Cl- could be detected. Brugger et al. used
UV-vis-NIR spectrophotometry to study copper chloride
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complexes.25 They analyzed the spectra in terms of several
Cu(II)-chloro-aqua complexes: distorted octahedral [Cu-
(OH2)6]2+, [CuCl(OH2)5]+, [CuCl2(OH2)4], and (possibly dis-
torted octahedral) [CuCl3(OH2)3]-, distorted tetrahedral
[CuCl4]2-, and dipyramidal trigonal [CuCl5]3-. They conclude
that the various determinations of the mean number of first
coordination shell chloride ligands were in poor agreement
(Figure 11 of ref 25). They note that extraction of the mean
ligand number from the EXAFS spectra is difficult due to the
small contribution of the apical ligands. Moreover, at higher
chloride concentration, multiple replacements of inner hydration
shell water by Cl- increase the Cl--Cl- repulsion. This
destabilizes the octahedral geometry and transforms it into
tetrahedral geometry.25 Thus an accurate study needs to consider
multiple coordination geometries.
The study of aqueous copper complexes is further complicated
by the existence of multiple oxidation states of copper, Cu+
and Cu2+, which have different coordination chemistries. Copper
ions predominantly exist as Cu2+ at room temperature, but the
Cu+ form is more stable at higher temperatures, making it more
relevant to geological environments.24,27 Recently, Berry et al.
suggested a reversible reduction of Cu2+ to Cu+ with increasing
temperature and subsequent oxidation of the other species
present in the solution.27 They could deconvolute their X-ray
absorption near edge structure (XANES) spectra by a linear
combination of Cu2+ and Cu+ spectra suggesting the coexistence
of these two oxidation states. Thus, an accurate analysis needs
to consider both these oxidation states.
The complex chemistry of Cu2+ hinders a conclusive inter-
pretation of the experimental observations. Computational
methods can supplement experimental observations by direct
evaluation of some properties from atomistic simulations. To
the best of our knowledge, there are no theoretical investigations
of aqueous CuCl2. This is probably because of the lack of a
computationally inexpensive technique that can accurately
describe the polarization, charge transfer, and Jahn-Teller
effects in this system. Ab initio methods that capture the
dynamic nature of this system with heterogeneous ligand
interactions and multiple oxidation states are computationally
very expensive. A force field based method that can describe
polarization and charge transfer effects would be better suited
for this purpose.
ReaxFF is a bond-order-dependent reactive force field that
has been successfully applied to a variety of complex reactive
systems.30-52 Retention of near QM accuracy by ReaxFF at a
low computational cost qualifies it for large-scale MD simula-
tions of complex systems. This force field has been developed
for a number of metals and metal complexes to describe a variety
of metallic properties and metal-catalyzed mechanisms. For
example, it has been parametrized for Na and NaH to illustrate
the dynamics of H2 desorption in NaH particles.47 During the
abstraction process, ReaxFF was able to correctly account for
the charge transfer of surface molecular hydrogen and predicted
the transformation of the system from ionic to metallic character.
This force field has been used to study thermodynamic
destabilization of MgH2 particles35 and various dynamic proper-
ties in aluminum (Al) and aluminum oxides.33,43,48
There are currently ReaxFF descriptions for many transition
metals with a variety of applications. For instance, this method
precisely characterizes various oxidation states of vanadium(V)
and the catalytic activity of vanadium oxide (V2O5) in the
oxidative dehydrogenation of methanol to formaldehyde.45 It
has also been parametrized to describe Co, Ni, and Cu atoms
and their effects on the catalytic formation of carbon nano-
tubes.37 It has been used to study the properties of condensed-
phase ZnO and its crystal growth.49 ReaxFF has been developed
for other transition metals like Y and Zr51 and Pt.42 Finally, a
recent work has demonstrated the ability of ReaxFF to capture
the complexity of multimetal oxide catalyst systems involving
several metals and metalloids like Mo, Te, and Nb.46
We selected ReaxFF to model aqueous copper chloride
because of its ability to account for the polarization and charge
equilibration in metals and metal complexes. Recently, we
developed a potential for Cu/O/H by extensive training against
a large database of QM energies. This potential successfully
reproduces the Jahn-Teller distortion in a Cu2+/water system
(work in progress). This paper describes the extension of this
potential to the Cu/O/H/Cl system. We trained the parameters
using QM-based structures and energies of several condensed
phase copper chloride clusters as well as Cu/Cl/water clusters
generated in MD simulations. We also included hydroxide ions
in the QM database to ensure the applicability of this potential
to copper chloride in a wide variety of environments and pH
values. We present the ability of the potential to describe the
structural and dynamic properties of Cl/water and Cu/Cl/water
systems and compare them with the experimental observations
and theoretical predictions available in the literature. These
simulations corroborate the ability of ReaxFF to accurately
describe the interactions of Cu2+ and Cl- ions in water in the
presence of strong polarization, charge transfer effects and
quantum effects like Jahn-Teller distortion. This potential can
be employed as a model to develop computationally affordable
tools for large scale simulations of ions in water, condensed
phases, and biological environments.
2. Computational Methods
2.1. ReaxFF. ReaxFF is a bond order dependent reactive
force field. The connectivities between the atoms can be
modified during a MD simulation allowing spontaneous bond
breaking and bond formation. The energy and the forces remain
continuous during these processes. Each element is represented
by only one atom type in ReaxFF. This facilitates the transfer-
ability of the parameters to a different system and avoids the
modification of atom types during a chemical reaction. Bond
orders BOij′ are calculated for each atom pair using the
interatomic distance rij30
where (pbo,1 and pbo,2), (pbo,3 and pbo,4), and (pbo,5 and pbo,6) are
the parameters that correspond to the σ bond, the first π bond,
and the second π bond, respectively. The value of each of the
exponential terms in eq 1 is unity below a particular interatomic
distance and negligible at a longer distance. The bond orders
BOij′ are updated in each MD step. The energy of the system is
determined by adding the partial energy contributions like bond
energy, valence angle energy, torsion angle energy, etc., and
nonbonded van der Waals and Coulomb energies. The bond
energy is calculated from the bond order BOij′30
BOij′ ) exp[pbo,1(rijro)pbo,2] + exp[pbo,3(rijπro)pbo,4] +
exp[pbo,5(rijππro )pbo,6] (1)
Ebond ) -DeBOij exp[pbe,1(1 - BOijpbe,1)] (2)
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where De and pbe,1 are bond parameters. Upon the dissociation
of a bond, the bond order BOij′ approaches zero making the
bond energy term Ebond disappear (eq 2). The other connectivity
related terms like valence angle and torsion angle energy terms
are also bond order dependent and they disappear upon bond
dissociation. This ensures a smooth transition of the energy and
the corresponding force from a bonded system to a nonbonded
system.
The nonbonded interactions need to be calculated between
eVery atom pair in order to describe a system with changing
connectivity. Thus, the van der Waals energy is calculated
between all atom pairs using a distance-corrected Morse
potential. A shielded interaction is implemented to avoid the
excessive high repulsion between the bonded atom pairs. In a
similar fashion, the Coulomb energy is calculated between all
atom pairs using a shielded coulomb potential. For each element,
the electronegativity, hardness, and shielding parameters are
optimized to reproduce the QM derived charges. To account
for the polarization effect, the atomic charges are dynamically
derived using the electronegativity equalization method (EEM).53
For further details about the ReaxFF method see refs 30 and
54.
There are some features in ReaxFF that make it a very
convenient and useful method to describe reactive systems. In
ReaxFF, predefinition of the reactive site or pathways is not
required. In a MD simulation, the potential function is capable
of administering the chemical reaction in a spontaneous fashion.
ReaxFF is computationally much less expensive than QM.
However, it can reproduce near QM accuracy in a variety of
systems. Thus, this force field is suitable for large-scale dynamic
simulations of many reactive systems.
2.2. Quantum Mechanical Calculations. The B3LYP55,56
hybrid DFT method was applied in combination with the
6-311++g(2df,2p) basis set for all cluster quantum mechanical
calculations. Several clusters involving copper, chloride, hy-
droxide, and water were optimized using this QM method.
Vibrational frequency analyses were performed to confirm the
true minima for each optimized complex. No imaginary
frequencies could be detected for the structures optimized in
the absence of restraints. For clusters taken from MD simula-
tions, no optimization or frequency analysis was done.
Interaction of Cl with the Cu(111) surface was characterized
using periodic DFT calculations. The PBE generalized gradient
approximation57 as implemented in SeqQuest58 was applied with
a Gaussian double- basis set with polarization functions. Norm
conserving pseudopotentials replaced the core electrons in all
atoms and a double- plus polarization Gaussian basis set was
used for explicit electrons. A p(2 × 2) cell with three layers of
Cu atoms (4 atoms per layer) was used as a two-dimensional
periodic model of the Cu(111) surface. The unit cell parameters
parallel to the slab were fixed to give the experimental lattice
spacing for bulk copper (3.61 Å) within each layer, and the
unit cell vector normal to the slab was 21 Å. The Cu atoms in
the bottom layer were fixed at their bulk positions for geometry
minimization.
2.3. Molecular Dynamics Simulations. Chloride in Water.
We performed an NVT simulation with a [Cl(H2O)216]- in a
cubic simulation box of length 18.62 Å. Periodic boundary
conditions were applied and the temperature was kept at 300 K
with a Berendsen thermostat and a temperature damping
constant of 0.1 ps. The time step of the simulation was 0.25 fs.
The density was maintained at 1.01 kg/dm3. Configurations
generated in the first 25 ps of simulation were discarded to allow
for equilibration. Configurations generated in the next 75 ps
were considered for the generation of radial distribution function
(RDFs).
Copper Chloride in Water. An NVT-MD simulation was
performed with a [CuCl(H2O)214]+ system in a cubic box of
length 18.62 Å and a time step of 0.25 fs. The temperature was
maintained at 300 K with a Berendsen thermostat and periodic
boundary conditions were applied. The density of the system
was maintained at 1.02 kg/dm3 throughout the simulation.
Configurations generated in the first 75 ps of simulation were
discarded, and the next 175 ps of simulation were considered
for sampling configurations and analysis.
3. Results and Discussion
3.1. ReaxFF Force Field Parameterization. To derive a
model potential for chloride and copper chloride in water, we
extended the ReaxFF potential for Cu/O/H interactions that has
been extensively optimized against the QM energies of various
copper-water clusters and copper metal/metal oxide/metal
hydroxide condensed phases (work in progress). This potential
successfully describes Cu2+ in water as predicted by QM3 and
observed experimentally.8 New parameters for Cu/Cl/O/H
interactions have been added to the previously existing set of
Cu/O/H interaction potentials.
We applied an iterative approach for the parametrization of
the ReaxFF force field (see Scheme 1).
Two different methods were used to generate configurations:
1. We optimized several copper chloride, copper/water/
hydroxide, copper/water/chloride, copper/hydroxide, and copper/
chloride/water/hydroxide clusters using QM. These configura-
tions and energies were used to generate an initial set of ReaxFF
parameters.
2. Thereafter, we followed the strategy suggested by Wood
et al. by sampling configurations from a classical ReaxFF MD-
simulation and refitting the ReaxFF model to QM energies59
from single-point energy evaluations of structures obtained from
MD-simulations with the prior parametrization of the ReaxFF
model. This method is computationally efficient because it does
not require the derivation of forces from QM. Following this
approach we have sampled configurations from MD simulations
on chloride, copper/chloride, and copper/chloride/hydroxide in
water.
In the end, all of these configurations were combined in one
training set. The force field parameters were optimized to
reproduce the QM energies of the clusters in the training set.
The total error was monitored. The MD simulations were
repeated using the optimized set of ReaxFF parameters. The
training set was reconstructed with the new configurations
extracted from the MD simulations and the parameters were
reoptimized. The loop was iterated in this fashion until the error
converged and it was not possible to significantly reduce it by
SCHEME 1: The Iterative Scheme for ReaxFF
Parameter optimization
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a further iteration. A total of five iterations were necessary to
reach a convergence by 0.56 kcal/species. The final parameters
(see Appendix) were used in the MD simulations on chloride
ion and copper chloride in water reported below.
3.1.1. Copper Chloride Clusters. We performed geometry
optimization on several clusters of copper chloride derived from
condensed phase structures (Figure 1). A bridging Cu-Cl-Cu
conformation constructs a stable structure which is commonly
found in copper chloride complexes (see ref 22 for a compre-
hensive review of the crystal structures of chlorocuprates). This
basic formation can be stacked to form infinite chains with a
4-fold coordination of the copper. Thus, some of these structures
are included in the training set. Several other clusters involving
chloride, copper, water, and hydroxide are also included in order
to ensure that the force field behaves well in the aqueous
environment as well as with a variation of pH. Figure 1 shows
the QM optimized geometries of the complexes (see Compu-
tational Methods section for details). After fitting the parameters,
ReaxFF could satisfactorily reproduce the geometries (rmsd )
0.313 Å) and QM energies of these complexes. Table 1 shows
the comparison between QM and ReaxFF relative energies of
these species.
We have used Cu2Cl4 as a model to derive the bond
dissociation and angle distortion energies relevant to copper
chloride. Cu2Cl4 can be either a singlet or triplet depending on
the spin coupling of the d-electrons. ReaxFF is usually
parametrized to reproduce the properties of the lowest energy
spin state because it does not distinguish between the multiple
spin states. According to the QM calculations, the Cu2Cl4 triplet
state was 18.93 kcal/mol lower in energy than the singlet state.
Thus we have considered the triplet state to train the force field.
Figure 2a demonstrates the Cu-Cl bond dissociation energies
and equilibrium bond lengths. The Cu-Cl bond length was held
constant by a restraining force while the other coordinates were
minimized. ReaxFF satisfactorily reproduces the trend in the
QM dissociation energy as well as the equilibrium bond length.
Similarly angular restraints were applied to fix a particular angle
while minimizing the rest of the molecule. The QM and ReaxFF
distortion energies for the ∠(Cl-Cu-Cl) and ∠(Cu-Cl-Cu)
are in good agreement (Figure 2b-d).
We also included angle distortion energies of a QM optimized
[CuCl(OH)(H2O)4] cluster. We initiated the optimization with
an octahedral coordination of the Cu2+ with one Cl-, one OH-,
and four H2O molecules. A nearly planar configuration was
obtained at the end of this gas phase optimization (Figure 3).
We note that different coordination geometries of this species
may be possible in bulk solution. The QM and ReaxFF distortion
Figure 1. QM optimized geometries of several complexes used to develop the initial ReaxFF force field.







1/2E(Cu2Cl4) – E(CuCl2) –9.46 –28.72
1/2E(Cu2Cl4) – 1/3E(Cu3Cl6Chain) 4.23 5.67
1/2E(Cu2Cl4) – 1/3E(Cu3Cl6Ring) –0.11 4.59
1/2E(Cu2Cl4) – 1/4E(Cu4Cl8) 6.38 8.27
1/2E(Cu2Cl4) – 1/5E(Cu5Cl10) 7.64 10.03
1/2E(Cu2Cl4) – 1/6E(Cu6Cl12) 8.49 11.25
1/2E(Cu3Cl6Chain) – 1/3E(Cu3Cl6Ring) –4.33 –1.08
(E[CuCl2(H2O)4] + E(H2O)) –
(E[CuCl(OH)(H2O)4] + E(HCl))
–11.34 –25.98
(E[CuCl(OH)(H2O)4] + E(H2O)) –
(E[Cu(OH)2(H2O)4] + E(HCl))
–25.49 –20.35
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Figure 3. Comparison of potentials for [CuCl(OH)(H2O)4] cluster as predicted by QM and the refitted ReaxFF model as a function of (a)
∠(Cl-Cu-O(H2)), (b) ∠(Cl-Cu-O(H)), and (c) ∠(O(H)-Cu-O(H2)) angle dissociations.
Figure 2. Comparison of potentials for Cu2Cl4 in the triplet state as predicted by QM and the refitted ReaxFF model as a function of (a) Cu-Cl
bond distance, r, and (b) ∠(Cl2-Cu1-Cl3), (c) ∠(Cl1-Cu1-Cl2), and (d) ∠(Cu1-Cl2-Cu2) angle distortions.
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energies for various angles in the cluster agree well, particularly
near the minima (Figure 3). The ability of ReaxFF to success-
fully reproduce the QM energies and configurations for these
systems provides us with a tool to describe copper chloride in
the presence of hydroxide ions.
3.1.2. Chloride Ion in Water. A NVT MD simulation was
performed with a Cl- and 216 water molecules at 300 K for
125 ps using the initial set of ReaxFF parameters. Several
[Cl(H2O)6]- clusters were extracted in regular intervals from
the simulation, and the ReaxFF parameters were reoptimized
against the QM single point energies. After the reoptimization,
the QM and ReaxFF single point energies in the training set
agreed with an average unsigned error of 4.76 kcal/mol (Figure
4a). Among the 44 clusters, cluster numbers 8, 17, 24, 27, and
39 produced the largest errors. A direct visualization of these
clusters did not detect any special structural features that were
absent in the other clusters. Thus, these larger errors seem to
belong to the random errors of the ensemble. Following this,
we performed another NVT MD simulation using the refitted
ReaxFF model. The new set of parameters produced a 5-fold
coordination of Cl-. We extracted several [Cl(H2O)5]- clusters
from the simulation for single point energy calculations. Again
the QM and ReaxFF energies were in accord (Figure 4b), with
an average unsigned error of 2.52 kcal/mol. This confirmed that
the ReaxFF force field parameters were transferable to a set of
new configurations generated by the optimized potential. We
note that, among the 44 clusters, cluster numbers 29, 31, 35,
36, and 44 produced the largest errors. A direct visualization
of these clusters revealed that the central Cl- in all of these
clusters possessed an effective 4-fold coordination. The fifth
water molecule was relatively farther away interacting indirectly
with the Cl- through another water molecule in the first
hydration shell. Although the Cl- had an overall 5-fold
coordination, these clusters were among the few that represented
the under coordinated 4-fold states. The relatively larger errors
for these cases suggest that, even though the ReaxFF parameters
obtained from the [Cl(H2O)6]- clusters were transferable to the
[Cl(H2O)5]- clusters, the accuracy is expected to decrease with
larger deviations of the coordination number. As a general rule,
ReaxFF parameters are transferable to a new system with a
similar chemical environment. A larger deviation in the
electrostatic forces, charge transfer, coordination number, etc.,
normally restrains the transferability of the parameters.
3.1.3. Copper Chloride and Hydroxide in Water. We
performed three NVT MD simulations with [CuCl(H2O)214]+,
[CuCl(OH)(H2O)213], and [CuCl(OH)2(H2O)212]- unit cells at
300 K for 125 ps using the initial set of ReaxFF parameters.
The first simulation was started with a Cl- placed in the first
hydration shell of a Cu2+. The total charge of the system was
+1. The Cl- remained in the first hydration shell during the
entire simulation. We obtained the initial configuration of the
second simulation from the final configuration of the first
simulation. We transformed a water molecule residing a few
angstroms from the Cu2+ into OH- by removing a proton from
it. The total charge of the system was changed to zero and the
second simulation was initiated. During the simulation the OH-
migrated to the first hydration shell of the Cu2+. At the end of
the second simulation, we modified another water molecule
residing a few angstroms from the Cu2+ into OH-. The total
charge of the system was changed to -1, and the third
simulation was initiated. The second OH- also migrated to the
first hydration shell of the Cu2+. Several [CuCl(H2O)5]+,
[CuCl(OH)(H2O)4], and [CuCl(OH)2(H2O)3]- clusters were
extracted at regular intervals from the three simulations, and
QM-single point energies were calculated for these clusters. The
final parametrization of the force field produced reasonable
agreement between the QM and ReaxFF single point energies
of the clusters (Figure 5) with average unsigned errors of 9.51,
10.62, and 12.19 kcal/mol for the three simulations respectively.
The analyses of these errors provide a few insights about the
applicability of ReaxFF. In general, the large differences
between QM and ReaxFF energies in these cases appear to
reflect the number of different interacting species like Cu2+,
Cl-, OH-, and H2O. We note that the errors may be cumulative
of the errors in the individual potentials. The force field
parameters were optimized with a focus on the [CuCl(H2O)5]+
system in the absence of any OH-. However, the addition of
an extra OH- in the consecutive simulations resulted in a
deviation from this system. This is reflected by the gradual
increment in the average unsigned error. We note that QM and
ReaxFF use different methods to calculate charge transfer and
polarizations which play dominating roles in these systems with
multiple ligands of miscellaneous types. Thus, the ReaxFF
parameters that govern the charge distribution and electrostatic
forces in the system inevitably restrain the highest accuracy that
can be achieved by ReaxFF. For all the three case, the lowest
energy cluster was successfully identified by both ReaxFF and
QM. Relatively higher discrepancies were observed for the high
energy clusters. Usually, a force field is parametrized with an
aim to reproduce the QM geometries and energies of the lowest
energy species. This enables the force field to accurately describe
the statistically important conformations near the minimum.
Accordingly, a major part of our ReaxFF training set consisted
of the optimized lowest energy conformations. Thus, it is not
surprising that the optimized parameters described the lowest
energy conformations better than the higher energy conforma-
tions. We also note that, as compared to ReaxFF, QM seems to
overestimate the energy differences between the clusters in all
Figure 4. Comparison of QM and ReaxFF relative energies of
[Cl(H2O)6]- clusters (a) extracted from an MD simulation using the
initial parameters of ReaxFF. (b) QM and ReaxFF relative energies of
[Cl(H2O)5]- clusters extracted from a new MD simulation using the
final parameters of ReaxFF.
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three cases. This is due to the fact that the clusters were sampled
from a MD simulation with ReaxFF energy description. The
sample clusters that were extracted at equilibrium were close
to the ReaxFF energy minima. However, the ReaxFF and QM
potential energy surfaces and minima do not match exactly.
Consequently, the sample clusters often deviate from the QM
energy minima slightly. Now, due to the curvature of an energy
minimum, the clusters that are farther apart from the minimum
will have larger energy differences between them as compared
to the clusters close to the minimum. This is probably the reason
for the overestimation of the QM energy differences of the
cluster.
3.1.4. Cl Adsorption on the Cu[111] Surface. The adsorption
of Cl on the Cu[111] surface has been investigated by both
experimental60-62 and theoretical63 methods. In order to verify
the ability of the force field to correctly estimate the adsorption
characteristics, we have constructed a three layer two-
dimensional periodic Cu(111) slab using 12 Cu atoms. We
computed the potential energy surface for Cl desorption from a
face-centered cubic (fcc) site on Cu(111) (the most stable site).
During the geometry optimizations the position of the Cl atom
was fixed at various distances relative to the bottom layer of
Cu atoms (which were also fixed), while the top and middle
layers of Cu atoms were allowed to relax. The QM and ReaxFF
relative energies agree along the entire reaction path (Figure
6a).
We considered Cl binding to various high symmetry sites on
and in the Cu(111) surface. The fcc site is a local minimum for
Cl, while constraints are required to hold Cl at the bridge and
top sites. We also considered the case of Cl substituted for a
Cu atom in the surface, creating a Cu adatom, as well as the
case of an interstitial Cl atom directly below the Cu surface
layer. The systems were optimized with necessary restraints to
keep the Cl in the binding site of interest. The QM and ReaxFF
relative energies for these sites are congruous (Figure 6b). Both
ReaxFF and QM could correctly recognize the fcc site as the
strongest binding site followed by the bridge and the atop site.
This agrees with the previous DFT study63 (Table 2).
3.1.5. HCl Dissociation in Water Clusters. As a strong acid,
HCl dissociates into Cl- and H+ in bulk water. Several studies
have predicted that at least four or five H2O molecules are
necessary for the ionic dissociation of HCl in a water cluster.64-67
A recent study investigated an aggregation-induced dissociation
of HCl in aqueous droplet formed in superfluid helium cluster
at T ) 0.37 K.68 Analysis of infrared laser spectra and ab initio
simulations demonstrated the dissociation of HCl with the
aggregation of a fourth water molecule in the droplet. We
performed a preliminary study to distinguish the associated and
dissociated states of HCl interacting with one H2O and a cluster
of several H2O molecules. The H-Cl distance was fixed at
different values during DFT optimizations of the clusters, and
the results were included in the database used to optimize
ReaxFF parameters. Both QM and ReaxFF energies predict that
HCl prefers an associated form with one H2O, but it prefers the
dissociated form with five or seven H2O molecules (Figure 7).
This agrees with the previous studies mentioned above.64-68
3.2. Molecular Dynamics Simulation of Chloride Ion in
Water. To further validate the optimized ReaxFF potential for
chloride ion, it has been tested in a NVT MD simulation of
[Cl(H2O)216]- system (see Computational Methods section for
details). The Cl- interaction with bulk water has been character-
ized by the radial distribution functions (RDFs) of Cl-H and
Cl-O. The results obtained from the simulations agree with
the theoretical and experimental data available in the literature
as summarized by Tongraar and Rode (Table 2 of ref 69). Our
simulated Cl-H RDF had a sharp first peak at 2.04 Å and a
relatively broad second peak at 3.45 Å (Figure 8a). The first
peak corresponds to the hydrogen atoms of water molecules
Figure 5. Comparison of QM and ReaxFF single point energies of (a) [CuCl(H2O)5]+ clusters, (b) [CuCl(OH)(H2O)4] clusters, and (c)
[CuCl(OH)2(H2O)3]- clusters extracted from MD simulations.
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closest to the anion. Neutron diffraction experiments reported
a range of 2.22-2.29 Å for the first peak position of the Cl-H
RDF.70 A recent neutron diffraction study predicted a slightly
shorter value of 2.14 ( 0.02 Å.71 Our calculated value of 2.04
Å is reasonably close to these studies. The coordination number
of hydrogen was 4.9, as determined by integration of the RDF
(n(r)) to the location of the first minimum of the RDF. On the
other hand the first peak of the Cl-O RDF is at 3.07 Å (Figure
8b) and the coordination number of oxygen was 4.91 as
indicated by integration of n(r) to the location of the first
minimum of the RDF. The experimental range of values for
the first peak position of the Cl-O RDF is 3.1-3.3 Å while
theoretical values are in the range 3.15-3.9 Å.69 Our calculated
value of 3.07 Å falls reasonably close to these ranges. The n(r)
of both Cl-H and Cl-O suggest 5-fold coordination of the
water molecules around the chloride ion. The RDFs have
nonzero values between the first and the second peak for both
Cl-H and Cl-O distributions. This suggests some exchange
of water molecules between the bulk and the first solvation shell
of the chloride ion during the simulation. To test whether the
appearance of 5-fold coordination might be biased by the initial
configuration, we also initiated a MD-simulation starting from
a 6-fold coordination. However, this configuration transformed
into a 5-fold coordinated species after 6.5 ps.
In ReaxFF, the total charge of the system is distributed over
all the atoms in the simulation box according to the electrone-
gativity equalization method (EEM) scheme.53 Thus charge
transfer is allowed between the chloride ion and the water
molecules or among the water molecules. We observe significant
charge transfer from the chloride ion to the water molecules.
The average value of the chloride ion charge was -0.71 e.
Despite the available experimental and theoretical studies,
the coordination number of chloride ion in aqueous solution is
not well determined. Experimental observations have found a
broad range of values: 4-9 with a strongly preferred value of
6.69,70,72 Computational studies also predict a broad range,
5.1-8.4. The nonpolarizable TIP4P or SPC/E water models lead
to the higher values in this range.69 A fixed charge of -1 on
the chloride ion induces strong short-range interactions with the
closest water molecules and results in overcoordination. More
recent studies incorporating charge transfer and polarization
effects yield lower coordination numbers. Tongraar and Rode
have applied a combined QM/MM MD simulation to aqueous
Figure 6. Cl on Cu[111] surface: (a) Comparison of QM and ReaxFF dissociation energies of Cl from Cu[111] surface (fcc-site). (b) Comparison
of QM and ReaxFF binding energies of Cl at the Cu[111] fcc, bridge, top, exchange and subsurface sites. Energies are relative to the system with
Cl bound to the fcc-Cu[111] site.
TABLE 2: QM and ReaxFF Relative Energies of Different












fcc 0 0 0
bridge 0.94 1.43 1.74-2.00
top 9.79 8.51 10.38-10.64
a DFT results from Table 6 of ref 63.
Simulation of Aqueous-Phase Copper Chemistry J. Phys. Chem. A, Vol. 114, No. 10, 2010 3563
chloride ion, allowing free charge transfer from the anion to
the water molecules in the first hydration shell.69 The chloride
ion acquired a charge of -0.89 e and a coordination number of
5.6, which is lower than most of the previous theoretical values.
Heuft and Meijer have used a CPMD simulation to predict an
average chloride coordination number of 5.0 and 5.6 for Cl-H
and Cl-O, respectively.73 Recently, Laage and Hynes used a
polarizable and flexible Amoeba force field to simulate the
rotational dynamics of water molecules in the first hydration
shell of the chloride ion.74 They found that at equilibrium five
hydrogen bonds are accepted by Cl-. Thus the 5-fold coordina-
tion of the chloride predicted by ReaxFF simulation is in
agreement with these computational studies that account for
polarization and charge transfer.
An analysis of the angular distribution of the first hydration
shell water molecules around the chloride ion facilitated the
determination of its coordination geometry. The ∠(O · · ·Cl · · ·O)
angular distribution was calculated from the [Cl(H2O)5]- clusters
extracted from the MD simulation (Figure 9a). This demon-
strates the distribution of the five closest water molecules around
the chloride ion. The angles were distributed over a wide range,
from about 40° to 180° with a peak at 85°. This implies that
the coordination geometry of solvated chloride ion is not very
rigid. It appears to be rather irregular, which does not belong
to a specific type of geometry. Direct visualization of the
Figure 8. (a) Cl-H and (b) Cl-O radial distribution functions and
integrals as obtained from the ReaxFF MD simulation on a
[Cl(H2O)216]- system at T ) 300 K.
Figure 7. QM and ReaxFF energies of [HCl(H2O)], [HCl(H2O)5], and [HCl(H2O)7] clusters at fixed H-Cl distances. The energies suggest that
HCl prefers to be in the associated form with one H2O but in the dissociated from with five or seven H2O molecules.
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configurations shows continuous variation of chloride ion
coordination geometry during the simulation. In their simulation
with the polarizable Amoeba forcefield, Laage and Hynes74 also
concluded that the first hydration shell of the anion was very
labile. However, this contradicts previous studies that suggested
a rigid conformation,73,75,76 and more experimental investigation
may be necessary to resolve this problem.
The orientation of the first hydration shell water molecules
with respect to the chloride ion is of particular interest. The
∠(Cl · · ·O-H) angular distribution was calculated using the
[Cl(H2O)5]- clusters extracted from the MD simulation (Figure
9b). The peaks between 0° and 30° denote the ∠(Cl · · ·O-H)
angles with the hydrogen atom directly interacting with the
chloride ion. The absence of any peak at 0° was also observed
by Tongraar and Rode in their QM/MM simulation of the
aqueous chloride ion (Figure 1 of ref 77). This aversion of a
perfect alignment is not a consequence of physical interactions
between atoms. The angles are uniformly distributed in a
spherical coordinate system (r, θ, φ). The calculated probability
distribution corresponds to the one-dimensional angular distribu-
tion (θ) that is reduced from a two-dimensional angular
distribution (θ, φ). This results in a scaling of the actual
probability distribution by sin(θ). There is no peak at 0° because
sin(θ) has a value of zero at this point. The peaks between 70°
and 130° correspond to the hydrogen atoms farther from the
chlorideion.Therewereveryfewconfigurationswith∠(Cl · · ·O-H)
angles falling between these two regions. These observations
indicated a strong alignment of the first hydration shell water
molecules such that a single hydrogen is oriented toward the
chloride ion. QM/MM simulation of aqueous chloride ion by
Tongraar and Rode predicted that there are also bridging water
molecules in which both hydrogen atoms simultaneously interact
with the chloride ion.69,77 Although our other results are
comparable to these studies, we did not observe bridging
structures. To the best of our knowledge, there is no experi-
mental evidence for the existence of this structure.
3.3. Molecular Dynamics Simulation of Copper Chloride
in Water. We have further tested the optimized ReaxFF
potential by performing a MD simulation of aqueous copper
chloride. Aqueous copper chloride can exist in multiple forms
depending on the ratio [Cu2+]/[Cl-]. With increasing Cl-
concentration, one or more Cl- gradually replace the water
molecules in the inner sphere of Cu2+ forming species like
CuCl+, CuCl2, CuCl3-, CuCl42-, etc.22,25,78 We have specifically
focused our work on a highly dilute CuCl+ solution. D’Angelo
et al. performed X-ray absorption spectroscopy to detect
Jahn-Teller distorted octahedral Cu2+ coordination in 0.1 M
CuCl2 solution with Cl- interacting in the axial position.29 They
suggested that, on average, 0.4 Cl- occupied the axial position
and 5.6 water molecules occupied the other positions completing
the octahedral coordination. The partial occupation of the Cl-
in the Cu2+ hydration sphere suggests that the free energy of
the CuCl+ species would be comparable to the free energy of
a hydrated Cu2+ with a Cl- placed in the bulk water.
To study the Cu/Cl water system, a NVT MD simulation was
started with Cl- placed 2.19 Å away from Cu2+ with only two
directly interacting water molecules, surrounded by 212 other
water molecules. The Cl- stayed in the first hydration shell of
Cu2+ throughout the entire simulation time. After 4.25 ps of
simulation a third water molecule moved into the first hydration
sphere of Cu2+ making it 4-fold coordinated. This was followed
by a fourth water molecule after another16.25 ps of simulation
time. Finally, Cu2+ acquired a 6-fold coordination with one Cl-
and five water molecules after another 16.5 ps of simulation.
The Cu2+ coordination number remained unchanged for the rest
of the 250 ps simulation.
We analyzed the RDFs to characterize the aqueous Cu2+- Cl-
interaction and to assess the effect of the counterion on the
hydration sphere of each ion. The Cu-Cl RDF has a sharp peak
at 2.42 Å and has nonzero values only between 2.24 and 2.71
Å (Figure 10a), suggesting a strong association between the ions.
The Cl-H RDF has a sharp first peak at 2.10 Å and a relatively
broad peak at 3.50 Å, with nonzero values between them (Figure
10b). These peak positions are comparable to the peak positions
observed in the [Cl(H2O)216]- simulation (Figure 8a), though
the presence of the Cu2+ reduces the peak area. An integration
of the Cl-H RDF to the first minimum (2.28 Å) shows that the
hydrogen coordination number for chloride is 2.83. Accounting
for the Cu2+, this implies a total Cl- coordination number of
3.83. This 4-fold coordination can be compared to the 5-fold
coordination observed in the [Cl(H2O)216]- simulation. A direct
visualization of the clusters using VMD79 software also revealed
a dominating 4-fold coordination.
The Cu-O RDF has a sharp peak at 1.97 Å and a broader
peak at 4.22 Å (Figure 10c). The RDF is zero between 2.47 Å
and the start of the second peak (3.45 Å). This indicates that
exchange of water molecules between the first and second
hydration shell is rare. Integration over the first Cu2+ coordina-
Figure 9. (a) ∠(O · · ·Cl · · ·O) and (b) ∠(Cl · · ·O-H) angular distribu-
tion considering the [Cl(H2O)5]- clusters obtained from the ReaxFF
MD simulation on a [Cl(H2O)216]- system at T ) 300 K.
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tion shell yields five water molecules. Accounting for the Cl-,
this implies a 6-fold coordinated Cu2+ ion. This is identical to
the 6-fold Cu2+-water coordination observed in a previous
ReaxFF simulation study (work in progress). Thus, while the
presence of Cu2+ reduces the coordination number of Cl- by 1,
the presence of Cl- does not alter the coordination number of
Cu2+.
Direct visualizations of [CuCl(H2O)5]+ clusters extracted from
the MD simulation revealed a 6-fold octahedral Cu2+ coordina-
tion, comparable to the QM optimized [CuCl(H2O)5]+ cluster
in the gas phase (Figure 1). Figure 11 shows the ∠(Cl · · ·Cu · · ·O)
and ∠(O · · ·Cu · · ·O) angular distribution functions constructed
from these clusters. Two peaks near 90° and 175° appear in
both distributions, consistent with octahedral Cu2+ coordination.
The peaks are sharp and the distribution is zero at intermediate
angles, suggesting a rigid conformation of the first hydration
shell of Cu2+. This is in agreement with the rigid Oeq-Cu-Oeq
angles observed by D’Angelo and co-workers where Oeq is an
oxygen atom in an equatorial water molecule.29 The peak
positions and rigidity of the hydrated CuCl+ species in our
simulation are comparable to those of the hydrated Cu2+ species
studied in a previous ReaxFF simulation (work in progress) and
QM/MM simulations.14,16 The Cl- seems to replace a water
molecule from the first hydration shell of Cu2+ without
noticeably altering its coordination geometry.
The first peak of the Cu-O RDF has a shoulder, indicating
that one or more water molecules coordinate Cu2+ at a longer
distance. A direct visualization of the [CuCl(H2O)5]+ clusters
taken from the simulation, reveals that the axial oxygen atom
(Oax, opposite the Cl-) is farther from Cu2+ than the equatorial
oxygen atoms (Oeq). This is similar to the geometry of the QM
optimized gas phase [CuCl(H2O)5]+ cluster (Figure 1) with a
Cu2+-Oax distance of 2.35 Å and the four Cu2+-Oeq distances
ranging from 2.05 to 2.06 Å. Figure 12 shows the time evolution
of the different bond lengths in the [CuCl(H2O)5]+ clusters
during the 75-125 ps simulation time. The Cu-Cl distance
was the longest followed by the Cu-Oax distance. The four
Cu2+-Oeq distances were shorter on the average with occasional
elongations. This elongation of the Cu-Oax distance is in
agreement with the EXAFS observations reported by D’Angelo
et al. in copper chloride solution.29 We note that a Jahn-Teller
distortion3,14-16 was observed in the [Cu(H2O)6]2+ clusters in a
previous ReaxFF simulation (work in progress). However, the
distortion in the current [CuCl(H2O)5]+ system cannot be directly
attributed to the Jahn-Teller distortion. The presence of mixed
ligands (Cl- and H2O) already breaks the symmetry of the
system. Thus, a Jahn-Teller distortion that attempts to lower
the system energy by breaking the symmetry is probably not
relevant here. However, it is surprising that a classical force
field like ReaxFF can reproduce such distortion that can, in
general, only be described by QM. The water coordination of
CuCl+ derived from this work is in good agreement with the
EXAFS data (Table 1 of ref 29) as well as the QM optimized
gas phase [CuCl(H2O)5]+ cluster (Table 3). However, our
Figure 10. (a) Cu-Cl, (b) Cl-H, and (c) Cu-O radial distribution
functions and integrals as obtained from the ReaxFF MD simulation
on a [CuCl(H2O)214]+ system at T ) 300 K.
Figure 11. ∠(Cl · · ·Cu · · ·O) and ∠(O · · ·Cu · · ·O) angular distributions
considering the [CuCl(H2O)5]+ clusters obtained from the ReaxFF MD
simulation on a [CuCl(H2O)214]+ system at T ) 300 K.
Figure 12. Time evolutions of Cu-Cl, Cu-Oax, Cu-O1eq, Cu-O2eq,
Cu-O3eq, and Cu-O4eq bond lengths in the [CuCl(H2O)5]+ cluster
extracted from the ReaxFF MD simulation on a [CuCl(H2O)214]+ system
at T ) 300 K. Results from 75 to 125 ps simulation time are shown.
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Cu2+-Cl- distance of 2.42 Å was shorter than the EXAFS
determination of 2.86 Å. Our results are in agreement with the
range of values 2.25-2.56 Å found in earlier studies (Table 2
of ref 23).
The average charges on the Cu2+ and Cl- found in the
simulation were 1.28 and -0.70, respectively. This shows that
the charges from the dication and the anion significantly
dissipated to the nearby water molecules, again allowing charge
transfer and polarization that are essential to these calculations.
Conclusion
To facilitate realistic large scale simulations of aqueous
chloride and copper chloride, we have developed a ReaxFF
reactive force field for Cu-Cl and for Cl-water interactions.
To achieve this, we have augmented the training set of a
previously developed Cu/O/H potential with the QM optimized
geometries of several copper chloride, copper/water/hydroxide,
copper/water/chloride, copper/hydroxide, and copper/chloride/
water/hydroxide clusters. We have further extended this training
set with chloride/water, copper/chloride/water, and copper/
chloride/ hydroxide/water clusters generated by ReaxFF mo-
lecular dynamics simulations. The ReaxFF force field parameters
were optimized against this training set. ReaxFF could accurately
reproduce the geometries and energies of the complexes.
The structural properties derived by the molecular dynamics
simulation of chloride/water system are in excellent agreement
with the previous experimental and theoretical results. In
particular ReaxFF simulation predicted a chloride ion coordina-
tion number of 5 which is close to the preferred experimental
value of 6.69,70,72 Among computational methods, most nonpo-
larizable classical force fields (Table 2 of ref 69) predict a higher
coordination number. A lower coordination number had been
achieved by polarizable force fields like Amoeba74 or compu-
tationally expensive methods like QM/MM69 and CPMD.73
The structure of aqueous copper chloride derived by ReaxFF
was in excellent accord with the experimental studies performed
by D’Angelo et al.29 This confirmed the reliability of the current
force field as a computationally affordable tool that accurately
describes aqueous copper chloride including subtle effects like
Jahn-Teller distortion. More complex cases, like the effect of
multiple chloride ions in the first hydration shell of Cu2+,
coexistence of multiple oxidation states of copper, and the effect
of pH on Cu2+-Cl- interactions will be the subjects of our
future work.
This work establishes the value of ReaxFF as a reactive
potential that can accurately simulate ion solvation for dications
where polarization and charge transfer effects are essential.
Following the schemes developed in this work, ReaxFF model
potentials for other metal cations and anions can be developed.
These potentials can be utilized to construct a computationally
inexpensive tool for large-scale simulations of metal complexes,
ore-formation, and metal ion transport with the flexibility to
model settings from hydrothermal solutions to biological
environments.
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Appendix
See refs 30 and 54 for the descriptions of the ReaxFF
parameters. The following tables provide the ReaxFF parameters
optimized in this work.
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